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We study a mechanism of generation of Majorana neutrino mass due to spontaneous breaking
of chiral symmetry (SBChS) accompanied by the formation of a quark condensate. The effect of
the condensate is transmitted to the neutrino sector via Lepton-Number Violating (LNV) lepton-
quark dimension-7 operators known in the literature as an origin of the neutrino-mass-independent
mechanism of neutrinoless double-beta (0νββ) decay. The smallness of neutrino masses is due to a
large ratio between the LNV scale and the scale of the SBChS. This is a new realization of the seesaw
mechanism, which we dub the Quark Condensate SeeSaw (QCSS). We show that its dominance
requires a softly-broken symmetry suppressing the Weinberg operator. In the QCSS, u and d quarks
receive their masses at (multi-)loop level and the smallness of neutrino masses is intimately related
to the smallness of the u and d current-quark masses. We examine the predictions of the QCSS for
0νββ-decay and reveal the importance of the nuclear mater effects in this case. We find that the
genuine no-fine-tuning QCSS favors the normal neutrino-mass ordering and rather narrow ranges of
the neutrino masses m1,2,3. We propose a realization of the QCSS with Z4 symmetry which predicts
these features of the neutrino spectrum.
PACS numbers: 14.60.Pq, 14.60.St, 23.40.−s, 23.40.Bw, 23.40.Hc
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I. INTRODUCTION
The smallness of neutrino masses, in comparison with
the other Standard Model (SM) fermions, remains a mys-
tery of particle physics theory. A common wisdom sug-
gests that this smallness is related to some broken sym-
metry. One of the most natural candidates is U(1)L
symmetry of the Lepton (L) Number, broken at some
high-energy scale Λ. Then at the electroweak scale there
appears the ∆L = 2 Weinberg operator
OW = f
Λ
LC H LH, (1)
which, after the electroweak symmetry breaking (EWSB)√
2 〈H0〉 = v = 246 GeV, leads to the Majorana neutrino
mass
mν = −f v v
Λ
. (2)
For a generic case with f ∼ 1 and formν at a sub-eV scale
one estimates Λ ∼ 1014–15 GeV, putting Lepton Num-
ber Violating (LNV) physics far beyond the experimental
reach. This happens in the tree-level realizations of the
Weinberg operator (1) in the celebrated seesaw Type I,
II and III, where Λ is equal to the masses M of the cor-
responding seesaw messengers which, being very heavy,
have no phenomenological value. In order to escape this
situation and open up the possibility for a non-trivial
phenomenology, various models have been proposed in
the literature (for a recent review see, e.g., Ref. [1]) re-
laxing the above-mentioned limitation on the LNV scale
Λ. Introducing new symmetries (softly-broken), one can
forbid the operator (1) at the tree level, while allowing it
at certain loop level l, so that in (2) there appears a loop
suppression factor f ∼ (1/16pi2)l. With the appropriate
l the LNV scale Λ can be reduced down to phenomeno-
logically interesting values in the TeV ballpark (see, e.g.,
Refs. [2–7] and references therein). Another possibility is
to resort to symmetries forbidding (1) at all, but allowing
higher dimension-(5 + n) operators which after EWSB
provide an extra suppression factor (v/Λ)n. As in the
loop-based models, here, for sufficiently large n, the LNV
scale Λ can be made as low as the current experimental
limits. In some models both loop and higher-dimension
suppressions can be combined.
In the present paper we consider another class of the
SM gauge-invariant effective operators
Ou,d7 =
√
2 gu,dαβ
Λ3
LCα Lβ H
{
(QuR), (dRQ)
}
. (3)
Here, all the possible SU(2)L contractions are assumed.
It was observed in Ref. [8] that this operator contributes
to the Majorana-neutrino mass matrix due to chiral-
symmetry breaking (ChSB) via the light-quark conden-
ar
X
iv
:1
91
1.
12
18
9v
1 
 [h
ep
-p
h]
  2
7 N
ov
 20
19
2sate 〈qq〉 = −ω3 6= 0. The latter sets the ChSB scale, so
that after the EWSB and ChSB one arrives at the contri-
bution to the Majorana mass matrix of active neutrinos
mναβ = −gαβ v
〈qq〉
Λ3
= gαβ v
(ω
Λ
)3
, (4)
where gαβ = guαβ + g
d
αβ and 〈qq〉 ≡ 〈uu〉 ≈ 〈dd〉 ≈
2 〈uL uR〉 ≈ 2 〈dR dL〉. This is a kind of seesaw for-
mula relating the smallness of the Majorana masses of
neutrino with the large ratio between the scale Λ of
Lepton-Number Violation (LNV) and the scale of chiral-
symmetry breaking ω = −〈qq〉1/3. We call the relation
(4) Quark Condensate Seesaw (QCSS) formula. Taking
〈qq〉1/3 ≈ −283 MeV (5)
from a renormalized lattice QCD within the MS scheme
at a fixed scale µ = 2 GeV [9] and Λ ∼ a few TeV we get
the neutrino mass in the sub-eV ballpark.
In the next section we study implications of the re-
quirement of the dominance of the operator (3) for Ul-
traViolet (UV) model building and certain phenomeno-
logical aspects of the QCSS. In Section III we extract
limits on the couplings of nonstandard neutrino-quark
contact interactions appearing in QCSS. Then, we an-
alyze contributions of the operators (3) to neutrinoless
double-beta (0νββ) decay and derive strong limitations
on the QCSS mechanism from this LNV process.
II. DOMINANCE OF QCSS AND
LIGHT-QUARK MASSES
Here we discuss the conditions for the dominance of the
operator (3) in the Majorana-neutrino mass matrix. As
usual, this can be guaranteed by imposing on the theory
an appropriate symmetry group G which could be either
continuous or discrete. General properties of this kind
of symmetries were studied in Ref. [8]. This symmetry
must forbid the Weinberg operator (1), but allow the
operator Oq7 in Eq. (3). Therefore, the lepton bilinear
LL must be a G non-singlet. Requiring that G remains
a good symmetry after the EWSB and still forbids any
contribution to the Majorana-neutrino mass term
LM = −1
2
∑
αβ
νCαLm
ν
αβ νβL + H.c. (6)
while allowing the quark-lepton coupling
L7 =
∑
αβ
v
Λ3
νCαL νβL
(
guαβ uL uR + g
d
αβ dR dL
)
+H.c. (7)
implies that we claim the SM Higgs H to be a G sin-
glet. Thus, the condition of G invariance of the operator
(3) requires that one of the quark bilinears (QuR) and
(dRQ) or both be G non-singlets. The latter implies that
the Yukawa couplings of the u and d quarks
H†QuR, H QdR (8)
are not G-invariant and forbidden by this symmetry.
Therefore, the light quarks do not receive their masses
as a result of the EWSB. This is in line with the fact
that the light quarks u and d are particular among other
quarks by being much lighter than the others. However,
the statement of vanishing masses mu,d = 0, or even
one of them, contradicts the experimental observations.
Therefore, small mu,d 6= 0 must be generated in some
way to make the scenario we are discussing viable. In
principle, for this scenario it is not necessary that both
Yukawa couplings in Eq. (8) are forbidden. As seen from
(3), it is sufficient that only one of them, say the u-quark
Yukawa coupling, is forbidden as suggested in Ref. [8].
First, we note that in a generic effective theory the
light-quark masses can be generated due to chiral sym-
metry breaking via the effective SM-invariant operators
Oqq6 =
κqq
Λ2q
QqR qRQ, Oud6 =
κud
Λ2q
QuRQdR, (9)
with q = u, d. Here, Λq is some scale of the physics
underlying these operators. All the three operators in
Eq. (9) among their components have
Ouu6 ∼ uL uR uR uL, Odd6 ∼ dL dR dR dL,
Oud6 ∼ uL uR dL dR, (10)
necessary for the light-quark mass mu,d generation.
Thus, after the chiral symmetry breaking we get
mu,d ∼ κ 〈qq〉
Λ2q
= −κω
(
ω
Λq
)2
. (11)
Note that the sign in the last equality is irrelevant and
can be absorbed by a redefinition of κ.
The four-quark operators like (9) are well known in
context of the Nambu–Jona-Lasinio model considered as
chiral low-energy effective theory of QCD. Recall that in
this approach the one-gluon exchange diagram with the
amplitude (
Qγµ λa qR
)
D(g)abµν
(
qR γ
ν λbQ
)
(12)
converts to a point-like quark-lepton operator in a trun-
cated theory where the gluon propagator D(g)(k2) is re-
placed with gµν/ΛH . Here, Λ2H is some characteristic
hadronic scale. After Fierz rearrangement in (12) one
finds the operators shown in Eq. (9) with Λ2q ∼ αs/Λ2H .
After the spontaneous breaking of chiral symmetry they
render a contribution (11) to the masses of the u and
d quarks, converting them to the so-called constituents
quarks. However, chiral-symmetry breaking cannot be
the only source of the quark masses. It is well known that
quarks must acquire the so-called current-quark masses,
not related to the chiral symmetry. These masses are
needed for explicit breaking of chiral symmetry, other-
wise, according to the Gell-Mann–Oakes–Renner rela-
tion (B8), pions as Goldstone bosons would be massless.
Therefore, we need a source of the u and d current-quark
masses.
3In the present scenario, this source is provided by soft
breaking of the G symmetry. The latter allows the cou-
plings (8) at certain loop level, depending on the se-
lected UV completion of the effective theory. In this
case, the operator (8) acquires the corresponding loop
suppression like the one mentioned in the Introduction.
This loop contribution is finite (UV convergent), since
the divergence-compensating counterterms of the point-
like form (8) are still forbidden by G. The loop-generated
mu,d would be in this case proportional to a dimension-
ful soft-symmetry breaking parameter µ, which could be
made as small as necessary to suppress mu,d in compar-
ison with the other quarks. The smallness of µ would be
technically natural due to the G-symmetry restoration in
the limit µ → 0. On the other hand, a softly broken
G symmetry also allows loop generation of the Weinberg
operator (1) and, as a result, generation of small Majo-
rana neutrino mass after EWSB. The loop suppression
allows for the LNV scale Λ to lie in the TeV region, as
we discussed in the Introduction. The idea of the loop-
generated hierarchy of the SM fermion masses where all
the quark and lepton masses, except for the t quark, are
generated at loop level underlies a popular trend in model
building (for a recent realization see, e.g., Ref. [7, 10–12]).
Here, we assume that there is a class of UV models where
the Weinberg operators (1) are strongly loop-suppressed,
so that the contribution of the operators (3) to the neu-
trino mass matrix (4) dominates.
III. LIMITS ON LNV LEPTON-QUARK
INTERACTIONS
Let us examine phenomenological limits on strength of
the effective LNV lepton-quark interactions from (3) and
(7). The literature lacks the limits on this class of non-
standard interactions. We will comment on the existing
limits at the end of this section.
Let us introduce the dimensionless parameters
εu,dαβ =
gu,dαβ v/Λ
3
GF/
√
2
, (13)
ε±αβ = ε
u
αβ ± εdαβ (14)
giving a measure of the relative strength of the four-
fermion interactions (7) with respect to the Fermi con-
stant GF ≈ 1.166 × 10−5 GeV−2 of the standard weak
interactions.
Here, assuming the dominance of the QCSS in the
Majorana mass of neutrinos, we can extract limits on
ε+αβ from the neutrino-oscillation data since, according
to Eq. (4), they are directly related to the elements of
the neutrino mass matrix
ε+αβ ≡ εαβ =
gαβ v/Λ
3
GF/
√
2
= −m
ν
αβ/〈qq〉
GF/
√
2
. (15)
Using Eqs. (A5)–(A10), we relate these LNV lepton-
quark parameters to the neutrino-oscillation parameters.
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Figure 1. Predictions of QCSS for the nonstandard neutrino-
quark couplings |εαβ | defined in Eq. (15) vs. the lightest-
neutrino mass m0. The allowed gray regions between the
curved lines are derived using current best-fit values of the
neutrino-oscillation parameters [13] and CP phases δ ∈ [0, 2pi)
and α1, α2 ∈ [0, pi). The solid and dashed lines refer to
the normal (NO) and inverted (IO) orderings of the neutrino
masses, respectively. The vertical gray bands represent the
regions excluded by Planck measurements at 95%C.L. [14].
The horizontal gray bands in the first plot correspond to the
regions excluded by KamLAND-Zen 90%C.L. limits on 0νββ-
decay [15]. The solid and dashed horizontal limiting lines re-
fer to the scenarios with and without the nuclear-matter effect
discussed in Section IV, respectively.
The current values of the latter we take from Ref. [13].
Then, varying the CP phases in the intervals δ ∈ [0, 2pi)
and α1, α2 ∈ [0, pi), we find the exclusion plots in the
plane (m0, |εαβ |) shown in Fig. 1 for the best-fit val-
ues of the neutrino oscillation parameters θij and ∆m2ij
(i, j = 1, 2, 3).
As is known, the upper cosmological limit on the sum
of neutrino masses∑
i
mi < 0.12 eV at 95% C.L., (16)
set by the Planck measurements [14], imposes the limit
on the mass m0 of the lightest neutrino. Applying
Eqs. (A3)–(A4), one finds
m0 < 30.1 meV, 15.9 meV (17)
for the normal (NO) and inverted (IO) neutrino-mass
orderings, respectively. These limits are shown in Fig. 1
as vertical bands.
4It is instructive to show allowed ranges (εminαβ ; ε
max
αβ ) of
the LNV lepton-quark interaction parameters εαβ from
(15). These ranges extracted from the exclusion plots in
Fig. 1 for NO and IO are
|εNHαβ | =
(0; 1.7) (0; 1.3) (0; 1.5)(0.9; 2.4) (0.7; 2.4)
(0.5; 2.3)
× 10−4, (18)
|εIHαβ | =
(0.9; 2.7) (0; 1.9) (0; 2.1)(0; 1.7) (0.1; 1.8)
(0; 1.9)
× 10−4. (19)
The following comment is in order. Assuming that
there is no significant cancellation between the two terms
in (14), we can extend the above limits to the parameters
εu and εd separately. However, these individual limits
should be treated as order-of-magnitude estimates, since
a priori there is no reason to expect the absence of the
said cancellation.
To the best of our knowledge, the only analysis of
phenomenological limits on the lepton-quark interaction
strength ε from Eq. (13) existing in the literature is given
in Refs. [8, 16] where the SN 1987A and meson decays
were studied. These limits are in the range ε < 10−3,
which is an order of magnitude weaker than our limits in
Eqs. (18)–(19).
IV. QUARK CONDENSATE SEESAW IN
NEUTRINOLESS DOUBLE-BETA DECAY
The operators (3) were previously studied in the litera-
ture as a source of ∆L = 2 interactions able to induce the
0νββ decay with no explicit dependence on the Majorana
neutrino mass [17–19]. After EWSB the interactions rel-
evant to the 0νββ decay generated by these operators
are
L7 = GF√
2
eL ν
C
eL
(
εuee uR dL − εdee uL dR
)
(20)
+
GF√
2
νCeL νeL
(
εuee uL uR + ε
d
ee dR dL
)
+ H.c., (21)
where εu,dee are defined in Eq. (13). Let us examine the
contribution of the effective ∆L = 2 interaction terms
(20) and (21) to the 0νββ decay. The first term (20)
combined with the SM weak charged-current (CC) inter-
action leads to the contribution shown in Fig. 2(b), which
is independent of neutrino mass in the propagator due to
chiralities in the vertices PL (/q + mν)PR = /q. This is a
manifestation of the fact that the ∆L = 2 is not provided
by mν , but solely by the upper vertex in Fig. 2(b). In
our QCSS model, the term (21) also contributes to the
0νββ decay via the neutrino-mass mechanism shown in
Fig. 2(a) due to the chiral symmetry breaking and for-
mation of the quark condensate. As we discussed in the
previous sections, the term (21) is the only source of the
neutrino mass in the present model. However, there is a
GF
GF GF
(a) (b)
ν
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Figure 2. Contributions of the effective operators (3) to the
0νββ decay.
subtlety with the diagram in Fig. 2(a). It describes a pro-
cess taking place in the nuclear environment, where the
chiral quark condensate 〈qq〉N is suppressed with respect
to the one in the vacuum 〈qq〉. As briefly discussed in
Appendix B, this suppression is estimated to be a factor-
two effect (B9). In what follows, we take this fact into
account.
The inverse 0νββ-decay half-life in the QCSS model
reads(
T 0νββ1/2
)−1
= g4AG
0νββ(Z, Q) |Mν |2
∣∣∣∣a ε−ee + mββme
∣∣∣∣2
= g4AG
0νββ(Z, Q) |Mν |2 ∣∣a ε−ee + b ε+ee∣∣2 ,
(22)
where gA ≈ 1.27 and me are the axial-vector weak
nucleon coupling constant and electron mass, respec-
tively. The standard kinematical phase-space factor
G0νββ(Z, Q) is given in Table I. We introduced the ratio
of the nuclear matrix elements (NME)
a =
1
2
Mε
Mν , (23)
which are defined in Appendix C. In the second row of
Eq. (22) we used the prediction of the QCSS model
mββ = bme ε
+
ee, b = −
〈qq〉N√
2me
GF. (24)
Note that in the QCSSmββ 6= mνee in contrast to the con-
ventional neutrino mass models where these two quanti-
ties are equal in the diagonal charged-lepton basis. In
the QCSS we have instead
mββ =
〈qq〉N
〈qq〉 m
ν
ee ≈ 0.5mνee, (25)
where mνee is given by (4) with the chiral condensate in
the vacuum. We shall discuss the possible implications
of this prediction in a while.
With the values of NME for 136Xe given in Ap-
pendix C, quark condensate in matter (B9) with (5) and
other known parameters we find
a ≈ 31, b ≈ 1.83× 10−4. (26)
5From the currently most stringent upper bound on
the 0νββ-decay half-life obtained for 136Xe by the
KamLAND-Zen experiment [15]
T 0νββ1/2 > 1.07× 1026 yr at 90% C.L., (27)
we find, using (22), an upper bound on the model pa-
rameters ∣∣a ε−ee + b ε+ee∣∣ < 2.3× 10−7. (28)
Let us consider several characteristic QCSS scenarios.
(i) In this scenario, the diagram in Fig. 2(a) domi-
nates. This implies that a ε−ee  b ε+ee and happens in the
case of strong fine-tuning of the model parameters
εuee − εdee
εuee + ε
d
ee
 6× 10−6, (29)
as follows from (14) and (26). Then, from (28) we find
ε+ee < 1.2× 10−3. (30)
The region excluded by this limit is shown in the first
plot of Fig. 1 as a horizontal band delimited by the solid
line. The dashed line shows a limit without the nuclear-
matter effect, which is apparently stronger by a factor of
two.
It is also instructive to show the effect of nuclear matter
in the conventional plane (m0, |mνee|), and this is done in
Fig. 3 including constraints on the neutrino-oscillation
parameters for both NO and IO. From (30) with (24)
one finds
|mββ | < 116 meV. (31)
Neglecting the nuclear-matter effects discussed above,
one would havemββ = mνee and, as a result, the same up-
per limit for |mνee| as for |mββ | in (31); this limit is shown
in Fig. 3 as the dashed horizontal line. However, the
presence of nuclear matter is responsible for a factor-two
effect (B9), and consequently the limit on |mνee| is twice
as large as (31); the corresponding limit is displayed as
the solid horizontal line. This is one of the predictions
of the QCSS-model: the 0νββ-decay constraints in the
plane (m0, |mνee|) are in fact by about a factor of two
weaker than expected in other models of the neutrino
mass. However, this effect is diluted by the comparable
uncertainties in the theoretical values of nuclear matrix
elements (for a recent review see, for instance Ref. [20])
and electron-shell overlap factors [21].
(ii) Let us examine the genuine QCSS scenario with no
fine-tuning as in (29). In this case, an order-of-magnitude
relation ε+ee ∼ ε−ee holds and the diagram in Fig. 2(b) is
dominant because a |b| according to (26). Then, from
(28) we find
ε+ee ∼ ε−ee < 7.3× 10−9. (32)
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Figure 3. Allowed regions of the Majorana-mass-matrix ele-
ment |mνee| vs. the lightest-neutrino mass m0, derived using
best-fit values of the neutrino-oscillation parameters from a
global analysis of the neutrino-oscillation data [13] and Ma-
jorana phases α1, α2 ∈ [0, pi). The solid (blue) and dashed
(red) plots as well as the vertical solid and dashed lines refer
to the normal (NO) and inverted (IO) neutrino-mass order-
ings, respectively. The vertical bands show the regions with
m0 excluded at 95%C.L. by the cosmological limits (17) set
by Planck [14]. The horizontal solid and dashed lines rep-
resent the 90%C.L. experimental upper bound (27) taking
into account the nuclear-matter effect (B9) and ignoring it,
respectively.
Thus, in most of the model-parameter space, excluding
the narrow fine-tuning domain (29), the contributions
of both diagrams in Fig. 2 are roughly determined by
the unique parameter ε+ee. In a while, we will discuss a
possible realization of such scenario.
Comparing the limit (32) for ε+ee with the excluded re-
gions in the first plot of Fig. 1, derived from the neutrino-
oscillation data, we conclude that the genuine QCSS pre-
dicts the NO and the range for the lightest-neutrino mass
in a rather narrow range for the lightest neutrino mass
2.65 meV < m0 = m1 < 6.85 meV. (33)
Using the 1σ ranges of the neutrino-oscillation parame-
ters sin2 θij and ∆m2ij from Ref. [13], we derive the corre-
sponding allowed ranges for other neutrino parameters.
For the other two masses, according to Eq. (A3), we find
9.0 meV < m2 < 11.2 meV, (34)
49.8 meV < m3 < 50.8 meV. (35)
With these ranges for the neutrino masses, we find the
corresponding range for the cosmological neutrino pa-
rameter
61.4 meV < Σ =
∑
i
mi < 68.8 meV. (36)
6We also determine the genuine QCSS range for the single-
beta-decay parameter
9.0 meV < mβ =
√∑
i
|Uei|2m2i < 11.4 meV, (37)
which is beyond the reach of the current and near future
tritium beta-decay experiments (for a recent review see,
for instance, Refs. [22]).
At last, the limit (32) translated into the 0νββ-decay
parameter gives the upper bound
|mββ | < 6.8× 10−4meV. (38)
It is worth recalling that in the considered case of the
QCSS this parameter characterizes the subdominant con-
tribution to the 0νββ decay shown in Fig. 2(a), while the
dominant one is given by the diagram Fig. 2(b).
(iii) Finally, let us consider a particular model in the
QCSS framework, realizing the scenario (ii) discussed
above. Instead of letting both quark bilinears (QuR)
and (dRQ) to be G non-singlets, we allow this assign-
ment only for one of them. We choose the (QuR) to be
a non-singlet while leaving (dRQ) to be a singlet. Then,
only one of the two operators in Eq. (3) is allowed, namely
LLH QuR. Therefore, only the εuee parameter survives
in all the above equations, so that for the parameters in
(13)–(15) we have ε+ee = ε−ee ≡ εee. Thus, in this particu-
lar model there is one parameter εee which determines the
neutrino mass-matrix element mνee and the 0νββ-decay
half-life according to Eqs. (4) and (22), respectively. Con-
sequently, due to the limit (32), this model predicts the
NO of the neutrino mass spectrum and the range of the
neutrino masses shown in Eqs. (33)–(35).
V. PARTICULAR REALIZATION OF QCSS
MODEL
There is one potential flaw in the model described
above: the quark bilinear (dRQ), being a G singlet, al-
lows the d-quark Yukawa term shown in (8). It leads to a
tree-level d-quark mass after the EWSB, which makes the
smallness of the d-quark mass rather weird. If we wish for
both light quarks, u and d, to acquire their masses at the
loop level and, on the other hand, only one lepton-quark
operator Ou7 in Eq. (3) to survive, then we should take
special care choosing an appropriate symmetry G. Un-
der this symmetry, both quark bilinears should be non-
singlets while it must forbid the operators OW and Od7
in Eqs. (1) and (3), respectively.
Let us give an example of such a group G. One of the
simplest cases resorts to the cyclic group G = Z4 with
the field assignments
H ∼ (1)Z4 , Q ∼ (−1)Z4 , uR ∼ (1)Z4 ,
dR ∼ (i)Z4 , L ∼ (i)Z4 , eR ∼ (1)Z4 . (39)
Here, we limit ourselves only to the first generation of
the fermions. As seen from (39), this Z4 model features
the following properties. The Yukawa couplings of the
light quarks (8), the analogous electron coupling H LeR,
as well as the operators OW in Eq. (1), Od7 in Eq. (3)
and Oqq6 in Eq. (9) are all forbidden by Z4. On the other
hand, this group allows the operators Ou7 in Eq. (3), Oqq6
in Eq. (9) and the similar lepton-quark operator
LeR dRQ. (40)
These operators lead to the corresponding contributions
of the quark condensate to the u- and d-quark masses
(11) and the electron mass. As we already argued in Sec-
tion II, there must be additional contributions, at least
to the u- and d-quark masses. Therefore, we postulated
the Z4 subgroup to be softly broken, so that these masses
could receive small loop-level contributions.
VI. CONCLUSION AND DISCUSSIONS
We studied the Quark Condensate SeeSaw (QCSS)
mechanism of generation of the Majorana mass matrix
of neutrinos due to the spontaneous breaking of chi-
ral symmetry and transmission of the effect of forma-
tion of the chiral condensate to the neutrino sector via
the dimension-7 quark-lepton operators Ou,d7 in Eq (3).
These operators can originate in the low-energy limit of
certain class of UV models. We analyzed generic condi-
tions in these models and found that they need to have
a softly-broken symmetry, G, suppressing the Wilson op-
erator down to some loop level in order for the QCSS
mechanism to dominate over the ordinary tree-level Ma-
jorana neutrino mass generated by the electroweak sym-
metry breaking. We recognized that in this scenario the
u and d quarks are naturally light in comparison with
the other quarks and acquire their masses at loop level,
as a result of the soft breaking of the model symmetry G.
The order of the loop suppression depends on the partic-
ular UV model. We postpone the study of possible UV
completions of the QCSS scenario for a subsequent pub-
lication. We also noted that the u- and d-quark masses
always receive a contribution proportional to the chiral
condensate via four-quark operators generated by non-
perturbative QCD effects which convert these quarks to
the constituent ones.
We calculated the predictions of the QCSS scenario for
the LNV lepton-quark couplings (13)–(14) of the opera-
tors in Eq. (3). These couplings characterize both non-
standard neutrino-quark and charged lepton-quark inter-
actions, which could be relevant for further studies of the
phenomenological and astrophysical implications of the
QCSS mechanism of the Majorana-neutrino-mass gener-
ation.
We analyzed predictions of the QCSS model for the
neutrinoless double-beta (0νββ) decay. We calculated
the corresponding nuclear matrix elements within the
Quasiparticle Random Phase Approximation (QRPA)
7method with partial restoration of the isospin symme-
try. Then, we studied particular QCSS scenarios with
the dominance of either the neutrino-mass mechanism,
Fig. 2(a), or the neutrino-mass-independent mechanism,
Fig. 2(b). The first one implies a strong fine-tuning of the
model parameters, while the second should be treated as
a genuine QCSS model with no fine-tuning. In the first
case we stressed the importance of taking into account
the nuclear-matter effects, in order to properly compare
the 0νββ-decay constraints on |mνee| with the correspond-
ing limits derived from the neutrino-oscillation data. We
showed that the genuine QCSS scenario, taking place in
the largest part of the model-parameter space, disfavors
the inverted ordering (IO) of the neutrino-mass spectrum
and predicts the normal ordering (NO) with the lightest-
neutrino mass m0 constrained to a rather narrow range
(33). This is in accord with recent global analysis of the
neutrino-oscillation parameters which favors NO over IO
at more than 3σ [13]. In view of this fact we constructed
an example of the QCSS model with softly-broken Z4
symmetry, which predicts NO and neutrino masses in the
ranges (33)–(35). We postpone a more detailed study of
other possible realizations of the QCSS model as well as
its UV completions.
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Appendix A: Majorana Mass Matrix
Diagonalizing the complex symmetric 3× 3 Majorana-
neutrino mass matrix mν in Eqs. (4) and (6) UTmνU =
diag(m1, m2, m3) with a unitary lepton mixing matrix
U , one gets the usual relation
ναL =
∑
i
Uαi νiL (A1)
between the neutrino mass eigenstates νi with masses mi
and the flavor eigenstates να. The matrix U is known as
the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix
U =
1 0 00 c23 s23
0 −s23 c23
 c13 0 s13 e−iδ0 1 0
−s13eiδ 0 c23
 c12 s12 0−s12 c12 0
0 0 1

eiα1 0 00 eiα2 0
0 0 1
 , (A2)
parameterized in terms of the mixing angles θ12, θ13, θ23
(sij ≡ sin θij , cij ≡ cos θij), Dirac phase δ and Majorana
phases α1, α2.
The neutrino masses mi (i = 1, 2, 3) can be param-
eterized by the lightest-neutrino mass m0 (which is un-
known) and the mass-squared splittings ∆m2ij = m2i−m2j
(known from the neutrino-oscillations experiments) for
two types of the neutrino-mass ordering as
Normal ordering (NO) with m1 < m2  m3:
m1 = m0, m2 =
√
m20 + ∆m
2
21,
m3 =
√
m20 + ∆m
2
31. (A3)
Inverted ordering (IO) with m3  m1 < m2:
m1 =
√
m20 −∆m231,
m2 =
√
m20 + ∆m
2
21 −∆m231, m3 = m0. (A4)
Elements mναβ = m
ν
βα of the Majorana mass matrix
depend on the Dirac phase δ ∈ [0, 2pi), Majorana phases
α1, α2 ∈ [0, pi), and neutrino masses mi determined by
the lightest-neutrino mass m0 and neutrino-mass order-
ing (NO or IO). Namely
mνee = c
2
12c
2
13e
−i2α1m1 + s212c
2
13e
−i2α2m2 + s213e
i2δm3, (A5)
mνeµ = −c12c13(s12c23 + c12s13s23e−iδ)e−i2α1m1 + s12c13(c12c23 − s12s13s23e−iδ)e−i2α2m2 + s13c13s23eiδm3, (A6)
mνeτ = c12c13(s12s23 − c12s13c23e−iδ)e−i2α1m1 − s12c13(c12s23 + s12s13c23e−iδ)e−i2α2m2 + s13c13c23eiδm3, (A7)
mνµµ = (s12c23 + c12s13s23e
−iδ)2e−i2α1m1 + (c12c23 − s12s13s23e−iδ)2e−i2α2m2 + c213s223m3, (A8)
mνµτ = −(s12s23 − c12s13c23e−iδ)(s12c23 + c12s13s23e−iδ)e−i2α1m1
− (c12s23 + s12s13c23e−iδ)(c12c23 − s12s13s23e−iδ)e−i2α2m2 + c213s23c23m3, (A9)
mνττ = (s12s23 − c12s13c23e−iδ)2e−i2α1m1 + (c12s23 + s12s13c23e−iδ)2e−i2α2m2 + c213c223m3. (A10)
8We employ these relations for the analysis of the non-
standard neutrino-quark couplings (7) and (13), which is
done in Section III. In this analysis, we use the neutrino-
oscillation data from Ref. [13].
Appendix B: Quark Condensate
Chiral symmetry is approximate invariance of the QCD
Lagrangian under the global SU(3)L × SU(3)R transfor-
mations in the space of the lightest quark flavors q =
u, d, s. Below the chiral scale 4pi fpi ∼ 1 GeV, this sym-
metry is spontaneously broken by the light-quark conden-
sates 〈0|qq|0〉 ≡ 〈qq〉 6= 0 in the QCD ground state (vac-
uum) |0〉. The corresponding Goldstone bosons are the
pions pi. Their nonzero mass originates from the explicit
breaking of the chiral symmetry by the light current-
quark mass terms in the QCD Lagrangian/Hamiltonian:
Hm = muuu+mddd+msss
=
1
2
(mu +md)(uu+ dd)
+
1
2
(mu −md)(uu− dd) +msss
= 2mqqq + . . . , (B1)
where we separated the isospin-singlet and isospin-triplet
quark combinations. In what follows, we retain the sin-
glet and consider only the lightest u and d quarks, de-
noting mq = 12 (mu +md) and qq =
1
2 (uu+ dd).
Here, we will examine the effect of nuclear environ-
ment on the formation of light quark condensate. Fol-
lowing Ref. [23], we use the Hellmann–Feynman theo-
rem, allowing one to analyze the condensates in a model-
independent way to the first order in nucleon density.
The Hellmann–Feynman theorem states
〈ψ(λ)| d
dλ
H(λ)|ψ(λ)〉 = d
dλ
E(λ), (B2)
where |ψ(λ)〉 and E(λ) are, respectively, the normal-
ized energy eigenstates and eigenvalues of the Hamilto-
nian H(λ) with explicit dependence on the parameter λ.
Choosing λ = mq and H =
∫
d3~xHm we get
2mq 〈ψ(mq)|
∫
d3~x qq|ψ(mq)〉 = mq dE(mq)
dmq
, (B3)
where both parts of this equation are multiplied by mq
to ensure renormalization-group invariance of this rela-
tion [24]. Let us consider two cases |ψ(mq)〉 = |0〉 , |ρN 〉,
where |0〉 is the QCD vacuum and |ρN 〉 refers to the
ground state of (uniform) nuclear matter at rest with nu-
cleon density ρN . Writing Eq. (B3) for these two cases,
we subtract one from the other and obtain
2mq (〈ρN |qq|ρN 〉 − 〈0|qq|0〉) = mq dEN
dmq
, (B4)
where EN is the energy density of nuclear matter. Pro-
vided the kinetic and potential energy of nucleons are
known to be small, one has
EN = mNρN . (B5)
On the other hand, there is a current-algebra relation [25]
σN = mq
dmN
dmq
, (B6)
where σN is the pion-nucleon sigma term measuring the
nucleon-mass mN shift from the chiral limit mu,d → 0.
Then, using Eqs. (B4), (B5) and (B6), one finds a model-
independent relation [23]
〈qq〉N
〈qq〉 = 1 +
σρN
2mq〈qq〉 = 1−
ρσN
f2pim
2
pi
, (B7)
characterizing the amount of chiral-symmetry restoration
in dense medium. Here, we denoted 〈qq〉N ≡ 〈ρN |qq|ρN 〉
and 〈qq〉 ≡ 〈0|qq|0〉. The Gell-Mann–Oakes–Renner re-
lation [26]
2mq〈qq〉 = −f2pim2pi, (B8)
has been used to derive Eq. (B7). In order to estimate
the nuclear-matter effect on the quark condensate on the
basis of Eq. (B7), we adopt the usual value for the nucleon
density ρ = ρp + ρn = 0.17 fm−3, the recent large value
of σ = 64 MeV from a partial-wave analysis of the pi-N
scattering [27], fpi = 92 MeV and the charged-pion mass
mpi = 140 MeV. Then, Eq. (B7) yields
〈qq〉N ≈ 0.5 〈qq〉, (B9)
demonstrating a substantial suppression of the quark
condensate in the nuclear matter. The value 〈qq〉N can
be interpreted as the sum of scalar densities of the u
(or d) quarks in vacuum and inside nucleons. The nu-
cleon component of 〈qq〉N is estimated in Ref. [16] to
be ≈ (100 MeV)3 and needs not be included separately.
The sign of the nucleon component is opposite to the sign
of the vacuum component; the latter is also numerically
higher.
Appendix C: Nuclear Matrix Elements
The nuclear matrix elementsMν andMε in Eqs. (22)
and (23) consist of the Fermi (F), Gamow–Teller (GT)
and Tensor (T) parts
Mν = −M
ν
F
g2A
+MνGT +MνT,
Mε = mpi
me
(
−M
ε
F
g2A
+MεGT +MεT
)
, (C1)
where mpi and me are the pion and electron masses, re-
spectively.
9In the Quasiparticle Random-Phase Approximation
(QRPA) method, Mν,ε are written via sums over the
virtual intermediate states labeled by their angular mo-
menta and parities Jpi and indices ki and kf [20, 28]
MK =
∑
Jpi,ki,kf ,J
∑
pnp′n′
(−1)jn+jp′+J+J√2J + 1
×
{
jp jn J
jn′ jp′ J
}
〈p(1), p′(2); J ‖OK‖n(1), n′(2); J 〉
× 〈0+f ‖[c˜†p′ c˜n′ ]J‖Jpikf 〉 〈Jpikf |Jpiki〉 〈Jpikf i‖[c†pc˜n]J‖0+i 〉 .
(C2)
The reduced matrix elements of the one-body operators
c†pc˜n (c˜n denotes the time-reversed state) in the Eq. (C2)
depend on the BCS coefficients ui, vj and on the QRPA
vectors X, Y [28].
The two-body operators OK in (C2), where
K = F (Fermi), GT (Gamow–Teller), T (Tensor), con-
tain neutrino potentials, spin and isospin operators, and
RPA energies Eki,kfJpi :
OF(r12, E
k
Jpi ) = τ
+(1) τ+(2)HF(r12, E
k
Jpi ),
OGT(r12, E
k
Jpi ) = τ
+(1) τ+(2)HGT(r12, E
k
Jpi )σ12,
OT(r12, E
k
Jpi ) = τ
+(1) τ+(2)HT(r12, E
k
Jpi )S12 (C3)
with
r12 = r1 − r2, r12 ≡ |r12|, rˆ12 ≡ r12
r12
,
σ12 = σ1 · σ2,
S12 = 3 (σ1 · rˆ12)(σ2 · rˆ12)− σ12. (C4)
Here, r1 and r2 are the coordinates nucleons undergoing
the beta decay.
The neutrino potentials are
Hν,εK (r12, E
k
Jpi ) =
2
pi
R
×
∞∫
0
fK(qr12)
hν,εK (q
2) q dq
q + EkJpi − 12 (Ei + Ef )
, (C5)
where fF,GT(qr12) = j0(qr12) and fT(qr12) = −j2(qr12)
are the spherical Bessel functions. The potentials (C5)
depend explicitly—though rather weakly—on the ener-
gies EkJpi of the virtual intermediate states. The functions
hK(q
2) in Eq. (C5) are defined as
hνF(q
2) = g2V (q
2),
hνGT(q
2) =
g2A(q
2)
g2A
[
1− 2
3
q2
q2 +m2pi
+
1
3
(
q2
q2 +m2pi
)2]
+
2
3
g2M (q
2)
g2A
q2
4m2p
,
hνT(q
2) =
g2A(q
2)
g2A
[
2
3
q2
q2 +m2pi
− 1
3
(
q2
q2 +m2pi
)2]
+
1
3
g2M (q
2)
g2A
q2
4m2p
(C6)
and
hεF(q
2) = F
(3)
S (q
2) gV (q
2)
q
mpi
,
hεGT(q
2) =
1
3
F
(3)
P (q
2) gA(q
2)
g2A
(
1− q
2
q2 +m2pi
)
q2
2mpmpi
,
hεT(q
2) = hεGT(q
2). (C7)
In the above formulas, mp andmpi denote the proton and
pion masses, respectively. For the nucleon form factors
we use the following dipole parameterization:
gV,M (q
2)
gV,M
=
F
(3)
S (q
2)
F
(3)
S (0)
=
(
1 +
q2
M2V
)−2
,
gA(q
2)
gA
=
F
(3)
P (q
2)
F
(3)
P (0)
=
(
1 +
q2
M2A
)−2
(C8)
with q2 = q · q (a small energy transfer in the nu-
cleon vertex can be safely neglected), MV = 850 MeV
and MV = 1086 MeV, and the normalization constants
gV = 1, gA = 1.27 and gM = (µp − µn) gV = 3.70. We
used the values F (3)S (0) = 0.48 and F
(3)
P (0) = 4.41 from
Ref. [29]. The induced pseudoscalar form factor is given
by the PCAC relation
gP (q
2) =
2mp
q2 +m2pi
gA(q
2). (C9)
In Table I, we show the nuclear matrix elements calcu-
lated within the QRPA method with partial restoration
of the isospin symmetry. More details on the calculation
of these and other NMEs relevant for physics beyond the
SM will be published elsewhere. It is worth noting that
the main contribution toMε comes from the Fermi nu-
clear matrix elementMεF.
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Table I. Nuclear matrix elementsMε,MεF,MεGT andMεT calculated within the Quasiparticle Random-Phase Approximation
(QRPA) method with partial restoration of the isospin symmetry, Argonne V18 nucleon-nucleon potential and the unquenched
value of the axial-vector coupling constant gA = 1.27 [28]. The NMEsMν ,MνF,MνGT andMνT were derived in Ref. [28]. The
phase-space factors G0νββ(Z, Q), taken from Ref. [30], are expressed in the units of 10−14 yr−1.
Isotope G0νββ(Z, Q) MνF MνGT MνT Mν MεF MεGT MεT Mε
76Ge 0.237 −1.615 4.715 −0.561 5.157 −0.958 0.274 0.097 264.8
136Xe 1.462 −0.806 1.959 −0.282 2.177 −0.511 0.135 0.048 136.6
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